Axonemal dynein from Tetrahymena cilia can be separated on a sucrose gradient into two fractions, at least one of which appears to be polymorphic. We have been using immuno-electron microscopy in order to try and locate the different types of dynein molecules within the axonemal structure.
Introduction
The motility of eukaryotic cilia and flagella is driven by the microtubule-dynein system. The axonemal structure, which is responsible for this movement, typically com prises the characteristic 9+2 arrangement of micro tubules, where 9 outer doublets surround 2 central single microtubules (Fig. 1) . Inner and outer dynein arms emanate from the A-tubule of each doublet and interact, in an ATP-sensitive manner, with the B-tubule of the adjacent pair. This causes the relative sliding of the micro tubule doublets, which forms the basis of axonemal motility. How the localized sliding between microtubule doublets is translated into the propagated bending waves (which often include 3-dimensional, helical and reversal movements) is largely unknown. Undoubtedly, other axonemal structures will be involved, such as the radial spokes and the central pair, the rotation of which has been demonstrated during cilia beating (Omoto and Kung, 1979) . It is interesting to speculate, however, on the direct influence o f dynein on the wide repertoire o f movements of eukaryotic cilia and flagella, as this protein displays a large degree of polymorphism. At least two different dynein molecules exist within a given system and in Chlamydomonas axonemes, six different ATPase-containing dynein subunits have been isolated (Piperno, 1988) . It is also not inconceivable that dynein may be located in a region of the axoneme other than the outer and inner arms and thus affect motility by an alternative mechanism to that traditionally envisaged.
In recent years, a much broader role for dynein in a wide range of microtubule-based motility systems has been implicated (Gibbons, 1987; Shpetner et al. 1988 ). Never theless, many questions concerning the function of dynein in axonemal motility remain unanswered. This article primarily addresses the question of the location of dynein within Tetrahymena cilia. In order to understand the molecular role of dynein in this system, it is necessary to relate the structural and functional properties of the Journal o f Cell Science, Supplement 14, 117-120 (1991) Printed in Great Britain © The Company o f Biologists Limited 1991 isolated proteins in vitro to the situation that exists within the cilia.
Dynein from Tetrahymena cilia
Dynein was originally isolated from the ciliated protozoan, Tetrahymena, by Gibbons and Rowe (1965) in the form of a 30 S and a 14 S particle. It was assumed then that the latter species was probably a breakdown product, but subsequent work using SDS gel analysis indicated that they were distinct proteins (Porter and Johnson, 1983) . More recent estimations of the sedimentation coefficient of the 30 S species gave a value of 2 1 S (Mitchell and Warner, 1981; Clutter et al. 1983) . Subsequent papers referred to this fast sedimenting species as 22 S dynein, with reference to the aforementioned papers and Clutter and coworkers' unpublished results. We have recently shown that the sedimentation coefficient obtained for this species is dependent on ionic strength (Wells et al. 1990 ). This parameter increases with decreasing ionic strength and the diffusion coefficient decreases under the same con ditions. By combining these data and also using sedimen tation equilibrium analysis, we conclude that 22 S dynein self-associates forming dimers under low salt conditions. There may be a relationship between this self-association and the reduced ATPase activity observed under these conditions. As the s-value varies with ionic strength, it seems inappropriate to use this parameter to name this protein and we propose (Wells et al. 1990 ) that the larger dynein species be referred to as simply, dynein, as recently adopted by Shimizu et al. (1989) . This species has been shown by STEM analysis to be a three-headed molecule, with flexible strands connecting the heads to a common basal region (Johnson and Wall, 1983) .
Dynein can be isolated from Tetrahymena cilia essen tially as described by Porter and Johnson (1983) . Follow ing extraction of the dynein (with 0.6 m NaCl) and purification on a DEAE-Sephacel column, dynein and 14 S dynein can be separated on a sucrose gradient. The advantages of studying dynein from Tetrahymena include the ability to produce sufficiently large quantities of protein for biochemical studies and the relative stability of the protein. This system, however, does not possess some useful characteristics which have been used in other systems. The ability to form mutants in Chlamydomonas lacking either outer or inner arms has been used to locate the different dynein species and to provide insight into their relative functions (Huang et al. 1979) . In sea urchin sperm, the outer arms can be selectively extracted, thus enabling the dynein species in this location to be identified (Tang et al. 1982) . In Tetrahymena, however, selective extraction does not occur. The larger dynein species is assumed to be present in the outer arms, by analogy with the sea urchin sperm system, but this has not been rigorously shown.
S dynein from Tetrahymena cilia
The location and nature of the 14 S dynein fraction is much more uncertain. Marchese-Ragona et al. (1988) have shown by electron microscopy that 14 S dynein displays heterogeneity, comprising two types of molecules. SDS gel electrophoresis shows that this fraction contains two immunologically distinct heavy chains. The location of 14 S dynein within the axoneme has not been established. ATPase activity has been associated with a microtubulemembrane link (Dentler et al. 1981) . Rotation of the central pair has also been reported (Omoto and Kung, 1980) and with the demonstration, by Vale and Toyoshima (1988) that 14 S dynein can cause rotation of microtubules, this may be a possible site for 14 S components. Also, by analogy with other systems, 14 S dynein may be located at the inner arms. In view of the apparent heterogeneity of the 14 S fraction, it may contain protein components located in different positions within the axoneme.
By Fast Protein Liquid Chromatography, using a mono-Q column and a 200-400 m M NaCl gradient, we can separate 14 S dynein into three fractions (Fig. 2) . All three fractions have ATPase activity, the specific activity of fraction 2 being greater than the other two fractions (0.6/«riol min~1 mg 1 as compared to 0.2-0.3 umol min" 1 mg-1).
Immuno-electron microscopy studies
In order to try to answer fundamental questions concern ing the localization of dyneins within the axoneme, we have raised polyclonal antibodies to dynein (formally 22 S dynein), the whole 14 S dynein and the three different 14 S fractions isolated by FPLC and used them for immunoelectron microscopy studies.
Western blots using these antisera confirmed that there was no cross-reactivity between dynein and 14 S dynein. Furthermore, there appears to be no cross-reactivity between the three 14 S fractions, even though the SDS gel patterns suggest that fractions 2 and 3 could be breakdown products of fraction 1.
The original strategy we used to carry out immunoelectron microscopy was to react demembranated cilia with antisera, followed by reaction with a secondary antibody conjugated to gold particles (usually IgG-gold). This preparation was then fixed and embedded for sectioning. Although we obtained labelling by this method, we were uncertain as to whether the antibodies were freely diffusable into the axonemal structure. Furthermore, this procedure was expensive on time and materials.
Therefore we adopted the procedure whereby cilia were first lightly fixed (2 % glutaraldehyde for 30 min), embed ded (in 3 % agar, followed by slow dehydration through an ethanol series into Lowicryl HM23 resin) and sectioned (80-100 nm thickness). The sections were then placed on grids and reacted with antibodies using the following procedure.
The sections were blocked in 0.6% bovine serum albumin, 0.2% Tween 20 in phosphate-buffered saline, pH 7.2 for 30 min at room temperature. (The technique used for this and all subsequent procedures was to submerge the grid in 30 ¡x\ droplets of the appropriate solution). The grid was then placed in primary antibodycontaining solution, either whole antisera, or purified antibody to a specific band eluted from a Western blot. Incubation with antibody was overnight, usually at room temperature, in the presence of 5 m M sodium azide. Gold grids were used, as copper grids were found to react with the antisera. The grids were then washed 4 times with blocking buffer and then reacted with IgG -gold (usually a 1:50 dilution, Biocell) for 4h at room temperature. The grids were then washed 3 times with block buffer and 3 times with phosphate-buffered saline. This was followed by fixing in 1 % glutaraldehyde and then a distilled water wash to remove all traces of phosphate before staining with saturated aqueous uranyl acetate and Reynold's lead citrate. The grids were carbon-coated for stabilization.
Controls were carried out which included reacting the sections on grids with anti-tubulin as a primary antibody (which gave extensive labelling of all the microtubules with gold particles) and omitting primary antibody altogether (which gave essentially no labelling at all). Fig. 3 shows the distribution of 10 nm gold particles on electron micrographs of membranated (A,B) and demem branated (C -F) cilia following incubation with purified anti-dynein (specific for the heavy chain components of the large dynein species). The vast majority of the gold particles localize in the region of the outer arms. Some of the labelling seen would be consistent with the position of a microtubule-membrane link and likewise, other gold particles coincide with the inner arm position. Consider ation must be given, however, to the degree of flexibility introduced by this labelling method. The length of the dynein molecule has been calculated as 35 nm (Johnson and Wall, 1983) and this is attached by two antibody molecules (9-10 nm each) to a 10 nm gold particle. Therefore, a gold particle could potentially be located more than 60 nm from the attachment site of the labelled dynein molecule. If this fact is taken into account, then virtually all the labelling observed in Fig. 3 can be associated with an outer arm location. Immuno-electron microscopy using antibodies raised against 14 S and fractions thereof, however, has produced a less clear picture. The data so far indicates that the 14 S dynein is probably located at the inner arm. Essentially the same labelling pattern was observed using antibodies raised against whole 14 S dynein (which shows no cross reactivity with the larger dynein species) and purified antibodies raised against the heavy chains of the separate fractions (which show very little cross-reactivity with the other fractions).
Conclusions
Axonemal dynein was first discovered 25 years ago and yet some fundamental questions still remain unanswered concerning its structure and localization within the axoneme. The difficulty experienced in obtaining this information is likely, in part, to be due to the polymorphic nature of dynein within a given system.
The situation is further complicated by the fact that dyneins are very susceptible to endogenous protease digestion during purification from axonemal sources, which could be contributing to the polymorphic profile observed. The work reported here, on the localization of Tetrahymena dyneins, is consistent with dynein (formally 22 S dynein) being located at the outer arm and 14 S dynein probably being located at the inner arm. As previously alluded to, eukaryotic cilia and flagella exhibit a broad range of motile properties. Whether there is any direct relationship between this diversity and the heterogeneous nature of the dynein population has yet to be determined.
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